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Introduction
The external subarachnoid spaces in children have been poorly investigated. Several studies have attempted to quantify the normal range of subarachnoid space width in children, but currently no consensus exists. 1 Studies using ultrasound, computed tomography (CT) and magnetic resonance imaging (MRI) have shown variable upper limits for the normal craniocortical width ranging from 3.3 to 5 mm in neonates [2] [3] [4] and from 4 to 10 mm in infants. [5] [6] [7] [8] [9] At the extreme, benign external hydrocephalus (BEH), also known as benign enlargement of the subarachnoid space of infancy (BESS or BESSI), has been defined as a large or rapidly growing head circumference in children combined with enlarged subarachnoid spaces with normal or mildly enlarged ventricles as seen on neuroimaging. 10 This subarachnoid enlargement has been shown to gradually resolve spontaneously with age, [11] [12] [13] often without any apparent clinically detectable deficits in many individuals, but has been reported to be associated with developmental delay in some cases. 10, [13] [14] [15] As such, it may be important to routinely measure subarachnoid space sizes to stratify the risk of developing neurological deficits.
Various studies have qualitatively explored the enlarged subarachnoid space in BEH, 13, 14, [16] [17] [18] [19] [20] [21] but few have conducted a quantitative analysis. 12, 22, 23 Low-quality scanning modalities have limited the precision of the findings from previous studies, and the use of inconsistent measurement parameters between studies have meant comparisons have been challenging. 23 Brain MRI has become routine in the assessment of patients with neurological signs or symptoms in developed countries, and offers an unprecedented level of precision and accuracy to overcome these barriers.
However, when to diagnose BEH over a normal subarachnoid space continues to remain unclear.
The aim of this study was to measure CSF space metrics with MRI in a sample of children diagnosed as normal to create a distribution of metrics, and then observe where cases labelled as BEH appeared within these distributions. We hypothesised patients diagnosed with BEH would lie outside the distribution of normal controls. The results of this study may be of value clinically in informing the use of the term BEH.
Method and materials Controls
All patients under 25 months of age who underwent an MRI brain scan in the period of 2008-2013 at a single centre who had been reported as 'normal' by three experienced fellowship-trained neuroradiologists were included in this retrospective study, yielding a sample of 1100 children. A diagnosis of 'normal' was not based on any predetermined formal criteria, but rather the absence of any pathological findings based on their experienced judgement. Individuals diagnosed as normal, but who had any history or scan indication for a condition that had previously been reported to cause an altered frontal subarachnoid space, were excluded, including intraventricular or subarachnoid haemorrhage, 20, 22, 24 prematurity, 14, 20 genetic syndromes including mitochondrial disorders, 12, 21, 25, 26 meningitis, 12, 21, 24 steroid therapy, 27 chemotherapy, 28 neurosurgery, 29 trauma, 24 subdural collections and cerebral atrophy. 12, 30 After exclusion, a sample of 150 children constituted our 'normal' control population.
Children under the age of 25 months were studied, with a similar number of patients in each age group (Table 1 ). Pearson's 2 test revealed no differences in gender distribution for the age groups shown in Table 1 (p > 0.05). The ethnicity of the normal population was: 93% Caucasian, 6% South East Asian, 1% Hispanic.
BEH sample
The sample population of children diagnosed with BEH was collected by performing a text field search in all reports and correspondence in the centre during 2008-2013 for the terms 'external hydrocephalus' or 'extraaxial hydrocephalus' or 'extra-axial hydrocephalus'. This returned a sample of 10 children with MRI scans who had been diagnosed with BEH between 2008 and 2013 by the same neuroradiologists. There was no evidence that formal diagnostic criteria had been used, except that BEH had been differentiated from subdural hygromas and collections by observing a continuous CSF intensity, without visualisation of any membranes. Reports from patient records revealed that all children had presented to the paediatric neurology clinic with a head circumference in the highest centile. Ethnicity, age and gender distributions were not significantly different to the normal population (p > 0.05).
MRI acquisition
T2-weighted images were used to provide the highest contrast for CSF, and allow differentiation between enlargement of subarachnoid spaces and subdural effusion, based on the signal intensity of the fluid seen. 30 Imaging data from 2010 to 2013 were collected using an eight-channel head coil on a 3 Tesla Siemens Magnetom Verio Scanner (Siemens Medical Solutions). A T2-weighted turbo spin echo sequence was performed in the transverse plane with the following parameters: repetition time, 6490 ms; echo time, 111 ms; matrix, 336 Â 448; field of view, 200 mm. The section thickness was 4 mm, with 0.4 mm gaps between sections. Imaging data from 2008 to 2010 were collected using a single-channel head coil on a 1.5 Tesla Phillips Intera Scanner (Philips Healthcare). A T2-weighted turbo spin echo sequence was performed in the transverse plane with the following parameters: repetition time, shortest; echo time, 110 ms; matrix, 288 Â 512; field of view, 200 mm. The section thickness was 4 mm, with 0.8 mm gaps between sections. There was no significant difference in CSF measurements taken by each scanner over the control group (p > 0.05). Sedation was used during the imaging procedure to limit motion artefacts.
Scan analysis
All scans were analysed using the Picture and Archiving Communications System (PACS), where detailed measurements of several parameters discussed below were taken. The two-dimensional (2D) measurement tool was used, allowing precision up to 0.01 mm. All measurements were taken on the same slice by a single reviewer (ZBH). Both the control and sample groups were studied with an identical methodology. All measurements were taken at three times on the right, which were then repeated on the left, before a mean value was determined. 
Data collection
All measurements were taken in the transverse axial plane (Figure 1 (c) and (d)). In this study craniocortical width (CCW) was defined as the maximum distance from the outside of the skull to a gyral apex of the cortex. Care was taken not to measure into the sulci. The CSF width (CSFW) was defined as the maximum width of CSF, from inside the cranium to a gyral apex of the cortex. CCW and CSFW measurements were taken at the same point on the anterior skull, at or very close to the section where the longitudinal cranial diameter is greatest. Therefore, it was possible to ascertain the bone width as the difference between CCW and CSFW. The Sylvian fissure diameter (SFD) was defined as the maximum distance between the frontal and temporal lobes between the fissure. The interhemispheric width (IHW) was defined as the maximum distance in the frontal interhemispheric fissure between gyri. The maximum transverse cranial diameter (TCD) and longitudinal cranial diameter (LCD) were also measured. CSFW was divided by the sum of the TCD and LCD, to give ratios that relate the size of the subarachnoid spaces to the cranial size. 23 Similar measurements have been taken in the coronal plane with ultrasound and are thought to vary with age, 7 and therefore this study set out to determine the importance of age in the transverse plane. Gender was not taken into account because it has already been established that the normal CSF spaces relative to head size do not differ between sexes. 9 
Statistical analysis
Pearson's correlation coefficients between age and the parameters were taken to test for correlation. The mean (AEstandard deviation (SD)) and median for were ascertained for CSFW, CSF/(LCDþTCD), bone width and IHW in each group and unpaired student t-tests (one tail, unequal variance) and one-tailed Wilcoxon Mann Whitney (WMW) tests were used to compare data between the groups. Data were grouped by each parameter, and histograms were plotted as a function of frequency.
Results
Mean age of normal controls was 11.1 AE 7.6 months old (78 male, 72 female) and BEH sample 10.6 AE 7.8 months (six male, four female). The SFD was omitted from the remainder of the analysis, as it was found to vary considerably by the section from which the measurement was taken. Pearson's correlation coefficients between age and the parameters (Figure 2 ) showed no correlations between CSFW (R 2 ¼ 0.0161), bone width (R 2 ¼ 0.0026), IHW (R 2 ¼ 0.0254) and the ratio between CSFW and the sum of TCD and LCD (R 2 ¼ 0.0766). As such, age was not included in the analysis when comparing the parameters in both the normal and the BEH sample across age groups.
The results of the measurements taken are summarised in Table 2 , illustrating that mean and median values were significantly larger in the BEH group for CSFW, CSFW/(LCDþTCD) and IHW, but no significant difference in bone width was demonstrated. Overlaying histograms of both comparative groups are shown in Figure 3 by parameter. All variables in the normal population show a bounded normalshaped distribution with positive skew. Of note, there is a significant overlap between the two distributions. For CSFW, five individuals (50%) lie within one SD of the mean of the normal group. The same finding was found when normalised for head circumference. For IHW, three individuals (30%) were found to lie within one SD of the mean of the normal group. Of note, six individuals diagnosed as normal had a CSFW greater than or equal to 10 mm.
Discussion Findings
The key findings from this study were significant differences found between measurements taken from the control and BEH group, but a significant overlap between the two distributions. No significant change in the parameters was observed in association with age ( Figure 2 ), and therefore it was not included in the analysis. This finding contrasts previous literature performed in the coronal plane using CT and ultrasound, which suggests that the width of the normal subarachnoid spaces increases from birth up to approximately 7 months of age, after which a gradual decline is observed. 7 Other studies have confirmed this decrease in fluid volume, as the normal subarachnoid spaces are smaller between 1 and 2 years of age, 6 and essentially absent after this age. 31 However, the scanning modality differences, variation of the plane in which the measurements are taken, low sample sizes, and lack of quantification of CSF spaces, 31 could explain the difference between results from previous studies and those presented in this study.
Studies have reported a wide range of upper limits for the normal craniocortical width ranging from 3.3 to 5 mm in neonates [2] [3] [4] and from 4 to 10 mm in infants. [5] [6] [7] [8] [9] The mean in our normal group was 4.58 mm, which seems fitting; however, the largest craniocortical width of a child diagnosed as 'normal' in our group was 14.81 mm. This could either mean there is a distinct lack of concordance with the preceding literature, perhaps due to flawed methodology, or the lack of formal diagnostic criteria has meant this patient may have escaped a diagnosis of BEH.
The results from our BEH group seem to be in concordance with the current literature. Prassopoulos et al. 23 using CT found the width of the frontal subarachnoid space in children with BEH ranged between 6 and 23 mm in children under 27 months of age. The present study found a similar range of 4.50-19.64 mm. Using MRI, Alper et al. 22 reported an average width of subarachnoid space in the frontal convexities of 8 mm in children with benign macrocephaly using patients with either subarachnoid space enlargement or megalencephaly. The present study found a similar result with a mean of 7.96 mm.
The significant overlap between the two distributions may lead us to think BEH is not a distinct entity, and rather part of the control distribution. A distinct clinical entity would tend to appear as a separate distribution with a peak frequency value to the far right of the normal distribution and skirts either side. However, for CSFW, 50% of BEH values are found within a single SD of the mean of the normal group. A similar pattern is displayed for CSFW when normalised for head size, and for IHW, with the extent not as profound for the latter.
These findings force us to re-evaluate how neuroradiologists are diagnosing BEH in this centre, as well as how 'normal' CSF spaces are decided upon. It is clear the lack of formal diagnostic criteria mean a patient presenting with CSF spaces larger than the mean from the normal group could fall into either group, as the distinction is blurred between our two samples. Additionally, the small size of the BEH sample means that this distribution, in particular, is subject to significant random noise.
Although neuroradiologists could set an arbitrary value to define BEH, for example to include the highest percentiles of CSF spaces, it is not clear if this would serve any clinical purpose. Our study suggests that as long as patients with CSF spaces measurements at the upper end of the distribution remain without clinical features, these patients should still be considered to be on the 'normal' distribution.
Case report
In one significant outlier, the CSFW was measured at 19.64 mm, almost 5 mm larger than any other child in the study (Figure 3(a) ). The scan of this child is shown in Figure 1 and it demonstrates a very significant frontal subarachnoid space with normal size ventricles and no other structural abnormalities. However, this patient presented with severe developmental delay, speech difficulty, plagiocephaly, and recurrent ear infections. BEH has previously been reported to be associated with developmental delay and speech or language delays, which may or may not improve over time. 13, 14, 32 Indeed, Mikkelsen et al. 15 recently reported that children with BEH display long-term subtle neurocognitive difficulties. These symptoms may be part of an unrecognised genetic syndrome, with the enlarged subarachnoid space being a related finding. This patient should therefore undergo genetic testing. This patient appears clinically distinct from the other patients in the BEH group, the rest of whom did not have clinical findings except an enlarged head circumference, although they were not followed up long term.
Clinical implications
This study defines the distribution of CSF space metrics in control individuals on MRI. In our study, 50% of cases diagnosed with BEH fitted within a single SD of this distribution, suggesting there is some confusion when diagnosing BEH; indeed it is likely that many patients diagnosed, who have no other defects, may represent the extreme of the normal population rather than a separate clinical entity. Therefore, neuroradiological metrics, including subarachnoid space size, interhemispheric fissure width and presence of ventriculomegaly, should be evaluated in the context of any abnormal clinical findings, such as developmental delay. We suggest that in our centre a culture change is required to routinely measure CSF spaces and monitor patients at the upper limit of the distribution, as the risk of developmental delay and other pathologies may be increased in this cohort. When these do exist, especially when CSFW is considerably larger than this limit, as in one of our cases, we suggest the condition should be referred to as 'external hydrocephalus' rather than BEH. Although this is a single-centre experience, we expect our findings of diagnostic uncertainty in this patient population to be encountered elsewhere. More evidence is needed to confirm our findings, but we suggest patients with a CSFW greater than 9 mm (upper 5% of our cohort) should be monitored for concomitant pathologies. More research is required in this area to know if the developmental delay in these extreme cases resolves over time.
Limitations
This study was performed retrospectively in a single centre, with a relatively small sample of patients diagnosed with BEH. However, as this is a rare and poorly understood diagnosis, it is difficult to find a large sample size of patients who have been diagnosed with this condition. During the selection of cases for the normal population, the study was susceptible to selection bias, although all possible measures were taken to exclude patients who may have pathologically altered subarachnoid spaces. Experienced neuroradiologists did not use formal criteria to diagnose patients with BEH, as these do not exist and how this term is being used in clinical practice is what we were investigating. Finally, data were collected by a single reviewer, so inter-rater reliability assessments could not be made. However, repeated measurements and use of a highprecision tool to measure between well-defined borders is likely to have limited bias.
Conclusions
The BEH group demonstrated significantly larger CSF external spaces than the normal group, but a significant overlap between the two distributions was found, with 50% of patients diagnosed with BEH lying within a single SD of the mean of the individuals diagnosed as normal. The lack of diagnostic criteria has meant diagnosing BEH is variable and challenging. It is likely that patients being diagnosed with BEH without clinical defects represent the extreme of the normal population rather than a separate clinical entity. We suggest patients at the upper end of the distribution should be monitored for developmental complications. More evidence is needed to study the natural history of symptomatic patients with enlarged subarachnoid spaces.
